SUMMARY. The Insch granite~liorite complex of Aberdeenshire consists of acid and intermediate igneous rocks that are quite distinct from, and younger than, the differentiates of the Insch basic mass.
The present study was undertaken in an attempt to clarify the petrogenesis of the granite-diorite complex and its relationship to the main Insch intrusion. It also formed a necessary corollary to an investigation of the Boganclogh area (Busrewil, Pankhurst, and Wadsworth, 1973) , which represents a possible extension of the Insch basic mass to the west of the Bogie O.R.S. outlier and comprises a wide range of rock types (peridotite, norite, diorite, and granite), some of which are at least superficially similar to members of the Insch granite-diorite complex.
Petrology Sadashivaiah (1954) recognized granite and diorite as the principal components of the complex. On this basis his diorite group includes a variety of material ranging from basic ('diorite') xenoliths, through more homogeneous quartz-diorites, to relatively acid rocks containing small, diffuse, mafic inclusions ('xenolithic rocks with granitic matrices'). It was implied that these acid rocks grade into the extreme granitic components of the complex, which occur as discrete masses, as veins and stringers cutting the diorites, and as the host to the diorite xenoliths. For the purpose of this investigation these rocks with dioritic affinities will all be classed as 'inhomogeneous rocks'. Consideration will be given to their geochemistry to test whether they represent the intermediate products of contamination of one class of homogeneous igneous rock (the granitic rocks of the complex) by assimilation of another (the basic rocks of the main Insch and Boganclogh intrusions).
With this in mind, the following nomenclature is proposed for the complex (modal data for the analysed samples is shown in Table I Acid rocks. The grey granite (Ia) typically forms the matrix of the most distinctively xenolithic part of the inhomogeneous series (IIIa), and occurs as irregular veins cutting various members of the complex. It normally consists of quartz, microcline, oligoclase, and biotite, but it appears to show all gradations towards the contaminated acid material containing residual xenoliths (IIIb). The pink granite (Ib) does not appear to be involved with the inhomogeneous rocks, but forms quite large masses of relatively homogeneous granite (the main Kennethmont granite-syenite areas mapped by Read, Sadashivaiah, and Haq, I961). It shows much closer resemblance to the principal Newer Granites of the region (e.g. the Bennachie Granite) than to the grey granite. It is rather uniform in appearance, except for slight variations in quartz content and in grain size and is relatively poor in biotite (and ferromagnesian minerals generally). Its distinctive colour seems to be due to the alkali feldspar (microclineperthite), which is considerably in excess of plagioclase (oligoclase). A very similar granite outcrops near the western margin of the Boganclogh igneous complex and is grouped with the Kennethmont pink granites for the purposes of this account.
Basic rocks. The basic rocks of the western part of the main Insch intrusion (between the Kennethmont area and the Red Rock Hills) are scarcely exposed. Hitherto they have been mapped as hypersthene-gabbro (Read et al., 1961 ) and correlated with similar rocks in the eastern part of the intrusion. Undoubted granular hypersthenegabbros (IIa) occur in this area, but they only form recognizable in situ outcrops in the extreme eastern part of it, close to the Red Rock Hills. They are similar to those described by Clarke and Wadsworth (197o) , and interpreted as intrusive into the Insch cumulates. Texturally they are rather fine-grained, and are composed of equigranular plagioclase (An~5-70), augite, and orthopyroxene (End0).
In the north-east corner, the rocks of the complex are" mainly granite and are in contact with Upper Zone cumulates of the Insch Layered Series (IIb). The latter are predominantly ferrogabbros (Clarke ~nd Wadsworth, I97o) and consist of plagioclase (An 50-55), olivine (Fol0_ 40), ferroaugite, and hypersthene, together with minor amounts of apatite, ilmenite, and intercumulus hornblende and biotite. Equivalent rocks, though not clearly layered and with a slightly less calcic plagioclase, form the northern part of the Boganclogh intrusion, where they have been termed ferrodiorites (Busrewil et al., The remaining outcrops in the gabbro area south-east of Kennethmont are of a distinctive rock type not previously described from the Insch intrusion, but of considerable importance in the Boganclogh area (Busrewil et al., I973) and in the MorvenCabrach (Allan, I97O) and Haddo House (Gribble, I967) intrusions. This is quartzbiotite-norite (IIc), which is relatively coarse-grained compared with the granular hypersthene-gabbro, and is composed of plagioclase (An~6), orthopyroxene (Ens0), and augite, together with prominent poikilitic crystals of biotite, evenly scattered throughout the rock, minor hornblende (locally replacing pyroxene), and interstitial quartz. The quartz-biotite-norites have been interpreted by Gribble (1967) and Allan (I97O) as the products of crystallization of the regionally available basic magma in a water-saturated environment, in contrast with the relatively dry conditions believed to have given rise to the cumulate fractionation sequence of north-east Scotland (Wadsworth, 197o) .
The proximity of all three basic rock types to the Granite-Diorite Complex means that any of them would have been available as basic end-members for the inhomogeneous rocks.
lnhomogeneous series. Although this is a very variable group of rocks, it has been possible to distinguish three main rock types (IIIa, b, c) , which could be taken to represent stages in the progressive contamination of acid magma with basic material. A relatively early stage (IIIa) is indicated by the occurrence of coherent xenoliths in apparently unmodified grey granite. The xenoliths are typically finer-grained than the acid matrix. They show gradations from a relatively igneous appearance, with occasional relict phenocrysts of plagioclase, to a distinctly granular metamorphic texture. The xenoliths are dioritic and tend to be very rich in ferromagnesian minerals. Biotite is quantitatively the most important of these, although hornblende is consistently present, becoming particularly prominent at the margins of the inclusions, and pyroxenes are generally visible (mostly clinopyroxene, but some orthopyroxene). Plagioclase (Anzs) is the principal felsic constituent but small amounts of interstitial quartz occur in certain examples.
An apparently intermediate stage in the contamination series is represented by a more granodioritic type of acid rock, containing small mafic 'clots' (IIIb). The granodiorite itself is distinguished from the grey granite by the dominance of plagioclase over alkali feldspar and the occurrence of hornblende as well as biotite, although the latter always predominates; the accessory minerals are apatite, opaque oxide, sphene (of interstitial to poikilitic habit), and orthite. The mafic 'clots', which are interpreted as residual xenoliths of more basic material, consist of relatively high concentrations of biotite or hornblende (or both).
In certain areas, notably in the vicinity of the Kennethmont railway cutting, there are other rocks of this series that are considerably more homogeneous than IIIa and IIIb, and can generally be classified as tonalites (IIIc). On the granite-gabbro hybridization theory they would have to be interpreted as representing virtually complete assimilation of the basic material by the acid magma, although geochemical evidence presented later suggests that this is not the case. The tonalites show some variation in grain size and in the proportion of ferromagnesian constituents, but the same minerals are generally present. Plagioclase (cores of Anz5 strongly zoned outwards) is often the only feldspar, although minor alkali feldspar occurs in a few cases. Small amounts of pyroxene (both clino-and ortho-pyroxene) are often present, typically showing signs of replacement by amphibole; hornblende and biotite are the principal ferromagnesian phases, and tend to be present in approximately equal quantities. Interstitial quartz is ubiquitous, varying between 5 and 2o %. Minor accessories include apatite, opaque oxide, and sphene.
Ages of the rock types of the complex
Sadashivaiah (I954) showed not only that the granitic rocks of the Kennethmont complex were mineralogically and chemically unlike the syenitic differentiates of the Insch basic magma, but also that the pink granite exhibited intrusive relations to the Insch ferrogabbros. A significant difference in the emplacement ages of these rocks has since been established by radiometric dating.
Pankhurst (~97o) presented a Rb-Sr whole-rock isochron for the Insch Upper Zone of 5o44-26 Myr (5"o • Io TM y. half-life). Another isochron, for rocks in the metasomatic thermal aureole of the Haddo House mass, gave 4994-z3 Myr. It was considered that these data taken together demonstrated essentially simultaneous emplacement of the basic rocks of the 'younger' gabbro suite, including the quartzbiotite-norites of Haddo House and Arnage, 5o~4-~7 Myr ago. This age would therefore apply to the three groups of basic rock mentioned above (IIa, IIb, and IIc). Although it has been suggested that the granular hypersthene-gabbros crystallized as a later intrusion separate from the Insch Layered Series (Clarke and Wadsworth, 197O), these authors accepted some genetic link between the two. The granular gabbros probably represent a late pulse of magma broadly equivalent in composition to the parent magma of the Insch Layered Series before differentiation and no significant time-lag would be anticipated between these intrusions.
The pink granite of the Kennethmont Complex (Ib) has also been dated by the Rb-Sr whole-rock isochron method at 463• Myr (Pankhurst, 1974) , and seems to be part of a phase of post-tectonic granitic magmatism that affected the whole of north-east Scotland about 465 Myr ago. This demonstrates a very significant time interval between crystallization of the basic and acid rocks (at least 2o Myr, perhaps as much as 6o Myr). The Rb-Sr data for the grey granite (Ia) reported in Table II strongly suggest that this was contemporaneous with the pink granite and in view of their disposition in the field it is suggested that this is also the age of formation of the inhomogeneous rock series (IIIa, IIIb, and IIc). The Bennachie granite (together with the Aberdeen and Peterhead granites) was intruded still later, at about 42o Myr ago (Bell, 1968) .
Chemistry
Hitherto only six analyses of these variable rocks have been published, and only two include trace-element data (Read, ]923; Sadashivaiah, 1954; Read and Haq, 1965) . A further sixteen rocks from the granite-diorite complex and immediately adjacent areas, including a sample of the Bennachie granite, have therefore been analysed for both major and trace elements ( Table I ). The average composition of the Insch granular hypersthene-gabbros (Busrewil, ] Boganclogh ferrodiorites (Busrewil et al., 1973) , as well as two diorite analyses from Sadashivaiah 0954), are given for comparative purposes. Initial STSr/S6Sr ratios (Table  II) and rare-earth-element concentrations (Table Ill' ) were also determined on representative samples.
Major-and trace-element variation. The principal feature of this series of rocks is the fairly continuous spectrum of compositions represented, ranging from the gabbroic rocks through the intermediate xenolithic rocks to the granites. Not surprisingly this results in fairly smooth variation of most elements when plotted against differentiation index ( fig. 1) , with the basic rocks at one end and the grey granites at the other. However, these diagrams show the generally anomalous character of the pink and (Busrewil, 197o) ; 7, Average of four ferrodiorites from Boganclogh (Busrewil et al., Bennachie granites relative to the remaining rocks, especially their very low content of A1 and many trace elements (e.g. Sr, Ba, P, Zr) despite their high silica contents. Among the basic rocks, the ferrodiorites are distinguished by low Si, high Fe, P (due to cumulus apatite), Sr, Ba, and Zr, and negligible Cr. These features are readily ascribed to extensive fractional crystallization of the regional basic magma by essentially adcumulus settling of crystals and have previously been noted in the Upper Zone of the Insch Layered Series. Conversely, the granular hypersthene-gabbros are more basic and modal analyses in character, being high in Mg, Ca, and Cr and low in alkalis, Rb, Ba, and Zr. As a consequence, the hypersthene-gabbros fit the linear trends more closely than either the ferrodiorites or the quartz-biotite-norites. However, the uniform trends shown by the inhomogeneous rocks in the variation diagrams cannot be taken as evidence that they formed by mixing between the acid and basic end members any more than they can imply a continuous differentiation series. The latter is ruled out, together with liquid-liquid hybridization, by the difference in age between the basic rocks and the granites previously noted. At first sight the chemical data would appear to be consistent with a process of reaction between already solidified basic rocks and the grey granite magma as proposed for the generation of dioritic rocks in general by Nockolds (I934). Regarded as such a contamination product the silica and trace-element contents of the tonalites (IIIe) would represent complete digestion by the granite of twice its own mass of basic rock. Even allowing for the selective movement of silica, alkalis, and volatile trace elements, Table i . Grid references for samples not listed in Table I: which may be transferred in a fluid medium, such an effect is very difficult to envisage except on a local scale, for example, at the margins of the intrusion. The contaminated grey granite (IIIa) and the granodiorite with mafic 'clots' (IIIb) have clearly not achieved the same degree of intimate mixing, despite the fact that in these cases the acid component in the mixing model exceeds the basic component by a factor of two to one. This again requires extreme variation in the degree of digestion on a local scale. On the other hand, there is no evidence that the tonalites are a small-scale marginal phenomenon. Indeed their very uniform chemical composition (Table l) argues against such an interpretation. The xenoliths (IIIa) have higher Si and K, together with lower Fe, than any of the type II basic rocks, which could also be ascribed to local metasomatic effects resulting from immersion in the granite magma; but against this their chemistry matches that of the tonalites very closely--a fact which will be referred to in later discussion. Thus the remaining chemical evidence from Sr-isotopes and rare-earth-element distribution patterns may be approached with some reservations about the idea that the inhomogeneous rocks represent a sequence of progressive contamination involving the basic igneous rocks of the area.
Initial 87Sr/S6Sr ratios. Sr-isotope analysis proved to be of little use in elucidating the petrogenesis of this suite of rocks, in that the range of 87Sr/snSr ratios 465 Myr ago (Table II) is very restricted. The primary reason for this is that the 5o0 Myr-old basic rocks, although derived from a presumed upper mantle source region with an svSr/ 8~ ratio of 0"703 or less, underwent isotopic exchange with Sr in the Dalradian rocks surrounding the intrusion during crystallization (Pankhurst, I969). This resulted in the unusually high value of o.7 r ~7• in the basic magma by the time the Upper Zone rocks of the Insch mass were formed. The initial 87Sr/SrSr ratios of the Boganclogh ferrodiorites confirm their equivalence to the Insch Upper Zone (Busrewil et al., I973) . The values reported here for the hypersthene-gabbros (o'7o56 to o'7mo) show a similar but more restricted degree of isotope exchange, which is consistent with their limited degree of chemical differentiation and presumably reflects the more rapid crystallization responsible for their granular textures. Variable contamination is also observed in the quartz-biotite-norites, which were probably derived from part of the regional gabbro magma developing a water-saturated trend of differentiation (Gribble, 2967; Busrewil et al., ~973)- Consequently it is barely possible to distinguish the STSr/SrSr ratios of the basic rocks 465 Myr ago from those of the granites. In addition, the determination of the latter is subject to rather large errors due to the high Rb/Sr ratios and uncertainty in the age correction. However, it seems that both the grey granite and the granodiorite (IIIb) have initial SVSr/SrSr ratios somewhat in excess of o'7I I, approaching the value of o'7145• for the Kennethmont pink granite (Pankhurst, 1974) . Because of this very small difference between the acid and basic rocks, the intermediate values obtained for the tonalites (o'7o89 to o'7IO9) cannot be used to distinguish or resolve possible mixing models. On the other hand, such a relatively small range might not be expected if the granites had assimilated appreciable amounts of either quartz-biotite-norite or granular hypersthene-gabbro, both of which would extend the range to lower values. The one diorite xenolith in grey granite matrix (IIIa) that was analysed gives a value in the middle of the observed range for the tonalites (o.7ro9).
Rare-earth-element distribution. Eight rare-earth elements were determined by massspectrometric isotope dilution, using the method described by O'Nions and Clarke (I972). The results are given in Table III and are plotted as distribution patterns in fig. 2 .
The granular hypersthene-gabbro ( fig. 2a , sample S) has an unfractionated pattern with low overall abundances (four to eight times chondrite) and even a slight light-end depletion (to six times chondrite for cerium). This would be a typical pattern for a primitive tholeiite basalt except for the marked positive europium anomaly (twelve times). Similar anomalies have been observed in the chill zones of the Stillwater and Bushveld intrusions (Frey et al., I968) and may be due to a slight concentration of plagioclase relative to the respective parent magma composition (unlike the other rare earths, Eu has a divalent state, which readily substitutes for Ca 2+ in plagioclase). The ferrodiorite (BG ~4) has a strongly fractionated pattern with enrichment of the light rare-earths (up to ninety-five times chondrite) relative to the heavy rare-earths (nine times). There is also a marked positive europium anomaly in this rock, consistent with a concentration of cumulus plagioclase (this group of rocks also has the highest Sr content in the complex). There are, however, considerable difficulties in deriving the granular hypersthene-gabbros are not directly involved in the differentiation of the Insch Layered Series. The quartz-biotite-norite (BG6) also has a relatively fractionated pattern, but without the positive Eu anomaly (in fact a very slight negative one). This could be due to oxidation of Eu to the trivalent state in the water-saturated magma, in which case it would partition between plagioclase and liquid in the same way as the other rare-earth elements. The distribution patterns for the acid rocks ( fig. zb) are very different. The pink granite has a very unusual pattern, with very depleted heavy-rare-earths (down to twice chondrite); this heavy depletion probably indicates equilibration at some stage with garnet, this being the only common mineral that has a partition coefficient significantly greater than one for the heavy rare-earths (Schnetzler and Philpotts, I97o). Such equilibration could have occurred during the partial melting episode--Sr isotope evidence suggests derivation of the late-and post-tectonic granites of northeast Scotland from a deep crustal layer of Precambrian metamorphic rocks (Bell, 1968; Pankhurst, 1974) . This certainly rules out participation of the pink granite in any mixing models since none of the other rocks have low heavy-rare-earth contents. The fractionated pattern of the grey granite is more normal. The distinctive feature here is the large negative europium anomaly, which indicates either removal of plagioclase from the liquid or, more likely, that plagioclase was a stable phase in the source region. The rare-earth patterns provide no evidence for a genetic relationship between these two types of granite.
The inhomogeneous rocks of the complex ( fig. zc ) all have fractionated rare-earth patterns (up to r5 o times chondrite at the light end), with slight negative Eu anomalies. In fact the very high light-rare-earth contents &the diorite xenolith (sample 9) and the granodiorite (sample 13) are difficult to explain on the basis of any mixing model since they exceed the light-rare-earth contents of all the possible homogeneous end ab members, both acid and basic. Such models can only be further pursued if it is assumed that there is considerable local variation in abundances within each class and that the concentration data obtained on these few samples are not adequately representative (although the main features of the distribution patterns are unlikely to vary to any great extent). Thus it might be argued that the average abundance levels in the grey granite (sample 4) could be rather higher than in the analysed sample. Even if this is supposed to be the case, however, the very large Eu anomaly of this rock-type remains a bar to specific mixing models with this as the acid end-member. Incorporation of small amounts of either granular hypersthene-gabbro or quartzbiotite-norite by the grey granite would result in a mixture that would still have a very substantial negative Eu anomaly-certainly much greater than that shown by the granodiorite or the tonalite. This feature of the grey granite pattern would only be lost by assimilation of much greater volumes of basic rock. As in the case of the major and trace element distribution discussed above, the tonalites would have to represent approximately I part grey granite to 2 parts hypersthene-gabbro. This would, however, also reduce the heavy-rare-earth contents of the resulting rocks to below ten times chondritic abundances--an effect that is clearly not supported by the data of fig. 2c . If the basic end member were the quartz-biotite-norite, then the problem of relative proportions is even more severe, since the distribution pattern for this rock type is almost exactly matched by that of the tonalite and both have only small Eu anomalies. The proportion of grey granite allowed in this particular mixture would be impossibly small. Among the basic rocks, only the ferrodiorite, with its high rareearth contents and positive Eu anomaly, can be considered a viable contaminant for the grey granite. Assimilation of as little as 4o % of its own volume of ferrodiorite by a grey granite with a pattern essentially the same as the analysed sample, but with higher over-all abundances as explained above, could account for the observed pattern of the granodiorite. However, extension of this process to produce the tonalites by further assimilation is not possible since they should then have less negative (or even positive) Eu anomalies. Moreover, the diorite xenoliths (IIIa) are certainly not related to the ferrodiorites in terms of rare-earth-element patterns. Objections to the ferrodiorite as an end member can also be made on the grounds of other trace elements (especially Ba). Finally', it may be noted that the shape of the distribution patterns for the diorite xenolith and the tonalite are generally very similar--the only difference being the higher light rare earth contents of the former.
Discussion and conclusions
The chemical evidence presented in this paper virtually excludes the initial precept, based on field observations, that the inhomogeneous rocks of the complex represent a contamination series involving assimilation of any of the homogeneous basic rocks by granite magma. Trace-element contents eliminate the pink granite as a possible acid end-member and the ferrodiorite (or Insch ferrogabbro) as a possible basic end-member. The rare-earth-element distribution patterns not only support these findings, but further eliminate both the granular hypersthene-gabbro and the quartzbiotite-norite from the models. In addition, the amount of assimilation required to achieve the composition of the relatively homogeneous tonalites is extremely high. A more reasonable alternative is to postulate a primary magma of tonalitie composition.
The dioritic xenoliths in undoubted grey granite matrix (Ilia) are chemically unlike any of the homogeneous basic igneous rocks. On the other hand, they are very similar in both major-and trace-element composition to the more homogeneous tonalites (IIIc). They also have comparable initial Sr-isotope ratios and their rare-earth distribution patterns have the same major features except that that of the xenolith is somewhat enriched at the light-element end. It is therefore suggested that such xenoliths are in fact derived from consolidated tonalite but that they are largely unmodified chemically by immersion in the granite matrix. The comparative mineralogy is also in accord with this suggestion. If this is so then the mafic 'dots' in the granodiorite are almost certainly of similar origin. The major-element chemistry of the latter could be interpreted in terms of incorporation of relatively small amounts of tonalite into the grey granite, and this would adequately account for much of the trace-element data as well.
Thus the most probable model for the formation of rocks of the inhomogeneous series is the late (465 Myr ago) intrusion of a dioritic or tonalitic magma, which consolidated and was broken up by the grey granite magma. These two magmas may have been of independent origin although all the chemical evidence presented here would allow high-level differentiation of the tonalite to generate the grey granite, which was then emplaced into early crystallizates. The older basic rocks of the 'younger' gabbro suite were not directly involved in this 'event'.
As stated previously, no genetic association can be found to link the pink granite (Ib) to any of the other rock types. It seems to be the last member of the complex to be intruded, and has been dated at 4634-4 Myr.
